The application of transformation optical techniques to photonic crystal-like dielectric structures has facilitated the creation of invisibility cloaks that operate at optical wavelengths. In this article, the authors present the fabrication processes for an all-dielectric ground plane cloak structure that consists of multiple silicon nanorod arrays connected by input and output waveguides. An advantage of this particular design is that it does not use metals to obtain metamaterial-like device behavior. The structure consists only of dielectrics that can be processed by the use of electron beam nanofabrication technologies and is designed to operate in the 1400-1600 nm wavelength range.
I. INTRODUCTION
The idea behind invisibility cloaking was originally published by Pendry et al. in 2006 . 1 The concept involves creating a closed space from which electromagnetic radiation is excluded. In order for the cloak to perform correctly, the radiation must be steered around it. This steering can be accomplished by the use of mathematical transformation on the original space that creates a warped space, which in turn is implemented by spatially varying permittivity and permeability. 1, 2 The creation of these cloaking structures requires the use of metamaterials to obtain the prescribed values of permittivity and permeability necessary for correct device operation. 3, 4 The cloak designed for operation in the microwave frequency range has been demonstrated by using resonating metal elements. 5 However, the ideal cloak requires extreme values of permittivity and permeability with strong anisotropy, making the fabrication highly challenging even in the microwave region. It is even more challenging to fabricate cloaks for optical frequencies because the metals typically used in metamaterial structures are unable to maintain low-loss performance characteristics at higher frequencies of operation.
Recently, a new cloaking design has been proposed that significantly reduces the required range of material property values. 6 This design, often dubbed as the "carpet" cloak, compresses a curved reflective surface ͑the cloak interface area͒ into a flat reflective surface, effectively shielding objects behind the curved surface from outside observers. Figure 1 shows the reflection of incoming radiation of a curved reflecting surface with and without the carpet cloak. In the case of the noncloaked device shown in Fig. 1͑b͒ , the incoming beam reflects off into two divergent beams. Compare this with the carpet cloak interface shown in Fig. 1͑a͒ , where a well-defined single reflected beam of a flat mirror surface is restored. Figure 2 shows the required refractive index profile for the carpet cloak. The quasiconformal mapping is performed such that the transformed cells of the structure reduce the overall anisotropy of the device to a smaller range of isotropic medium indices. This approach eliminates the need for absorptive metallic resonant elements, and thus, can be fabricated using only dielectric materials.
This cloak design was recently demonstrated to work in the microwave 7 and optical regimes. 8, 9 Our goal was to adopt this cloaking design for operation at optical frequencies by scaling the device dimensions down to nanoscale dimensions. For device operation in the near infrared wavelength spectrum, features in the range of 5-50 nm need to be created within high precision tolerances to prevent undesirable shifts in the frequency of operation of the cloak. To accommodate the small feature size and range in the nanoscale regime, specific design choices were made in the creation of this cloaking device to maximize performance and minimize the complexity of fabrication. The basic design strategy is to use deep subwavelength scale silicon nanostructures to produce a metamaterial structure with the desired effective refractive index values at different points within the device. When the features are much smaller than the wavelength of light, the effective index of a composite structure is determined by properly averaging the indices of the constituent materials. In our design, we chose our unit cell to be 150 nm, which corresponds to / 10 for operation at = 1500 nm. Each unit cell may contain an air hole or a silicon nanorod.
Since the effective index of a given unit cell is given by the volume average of the indices of silicon ͑ = 12.0͒ and air ͑ = 1.0͒ within the unit cell, we can simply change the size of the air hole or silicon nanorod to realize a range of effective index values required to implement the cloak structure. For a given unit cell size, air holes with varying diameters were found to provide a smaller range of effective indices compared with nanorods. Thus, we chose to use silicon nanorods of various diameters to implement the all-dielectric cloak structure. The sizes of the nanorods were then determined using the effective medium theory. We first calculated the effective permittivity for the fundamental transversemagnetic ͑TM, electric field perpendicular to the device layer͒ mode for the air-silicon-oxide slab waveguide, which was found to be SOI-TM = 7.55 at = 1500 nm. If the nanorods are small, the effective permittivity of the nanorod array is given by the simple volume average of the silicon slab and air, eff = A SOI-TM + ͑1−A͒ air , where A is the total crosssectional area encompassed by nanorods and air = 1. The range of permittivity values required for the cloak can now be realized by progressively varying the nanorod diameter throughout the structure. The validity of this simple averaging rule was confirmed by performing rigorous threedimensional photonic band structure calculations as verification of the method. Three different cloak designs were created, the first two having less challenging electron beam lithography requirements to provide a design baseline for the third structure, which is more difficult to fabricate. All three designs required permittivity values inside the cloak ranging from 1.5 to 4.4, created using the volume averaging index method as described above. In the base design for all the cloaks, the smallest nanorods are on the order of 50 nm in diameter, while the largest nanorods required very small gaps between them of approximately 20 nm. As a comparison, the Si device layer is approximately 17 times the thickness of the smallest gap size. Producing these small size features in a small device area significantly increases the difficulty in fabricating these devices using current electron beam technologies.
II. FABRICATION METHODS
The cloak structures under investigation were designed specifically to be fabricated on a silicon-on-insulator ͑SOI͒ substrate in a microelectronics facility using readily available cleanroom technologies. This strategy was used because the existing knowledge and experience available in microelectronics fabrication is extensive, so the risks involved in making these new devices to correct specifications with minimal iterations was reduced. Reducing the number of iterations required to successfully fabricate the devices was crucial in obtaining a successful outcome as well as in minimizing the device fabrication costs. The challenge of producing nanorod arrays that exhibit cloaking behavior at optical frequencies is that the feature size begins to approach the limits of modern cleanroom processing and patterning techniques for high aspect ratio structures. For example, this particular design required narrow gaps between nanorod structures that are difficult to keep from bridging in the fabrication process. In order to pattern the nanoscale devices successfully, state-ofthe-art electron beam lithography ͑EBL͒ techniques have been used. The choice of resist used to pattern the device was another consideration, as the electron beam dose and other processing parameters are critically dependent on obtaining a high-contrast pattern. An additional challenge to successful device fabrication involves obtaining vertical sidewalls on nanoscale device features to reduce scattering. Meeting this challenge involved the optimization of plasma-etching techniques and etch recipes, working within the limits of the processing capabilities of the equipment.
Several approaches to the design were investigated with the goal of obtaining a reasonable trade-off between ease of device fabrication and final performance. The choice of using nanorods over holes allows a more advantageous choice of electron beam resist, specifically the use of a negative resist with a higher selectivity ratio. The higher selectivity ratio enables deeper etching while keeping the mask intact, thereby allowing more vertical sidewalls to be fabricated during the plasma-etching process. Also, the use of a negative resist allows for a faster write time as the size of the resist mask areas is significantly reduced. Another advantage of the design is that the entire structure can be patterned using the EBL system without the need for additional steps, such as focused ion beam milling and metallization. 9 In addition, the spatial variation within this device is accurately adjusted by exerting direct control over the nanorod pillar size and spacing, as opposed to random placement of nanorods in other designs that makes index control more difficult. 10 This feature size control advantage allows changes to be made easily to reduce the minimum size write requirements of the EBL patterning process, allowing for more reliable and consistent fabrication results.
The process flow for fabrication starts with the entry of the design structure into a computer-aided design ͑CAD͒ file format, followed by a conversion of the file into a.v30 format readable by the EBL system. Due to the complexity of drawing approximately 13 200 different sized circles using a manual command-line interface, the process was automated through the use of Excel spreadsheets and AUTOCAD scripting functions. The surrounding background photonic crystal design was then added through the use of array functions, and the entire structure was rotated by 45°to obtain the correct orientation for adding the waveguides.
Once the structure design was entered into the CAD system and converted to a.dxf format, a second conversion step was performed to convert the design to a.v30 file format through the use of a proximity correction software. Proximity correction was necessary during the file conversion process to allow for dose adjustments due to the Gaussian nature of the electron beam during the exposure of the structure, most importantly at the device edges and near the large waveguide areas. The proximity correction software divides the structure into 64 different dose adjustment areas, each area being a varying percentage of the base dose to compensate for the Gaussian nature of the electron beam exposure process. The dose structure output data were then placed into the EBL system control file to enable proximity corrected dose adjustments during the device patterning. However, the current version of proximity correction software does not take into account the structure size and shape when calculating dose adjustments, and even an updated version is only able compensate for some adjustments to rectangular features. Since this design utilizes circular structures, manual adjustments were made to the proximity correction parameters during file conversion. The exact proximity correction parameters for the different designs are discussed further in Sec. III.
The SOI stack used was a 340 nm thick Si layer over a 1 m SiO 2 layer, which provides an adequate guiding thickness for light propagation in the 1400-1600 nm range. A 6% solution of hydrogen silsesquioxane ͑HSQ͒ was then applied to the surface through a spin-coating process. HSQ is a polymerlike negative-tone resist material that undergoes a transition to a more SiO 2 -like material upon e-beam exposure and has a demonstrated high resolution masking capability. For the high aspect ratio process, the spin coater was set to 5000 and 2500 rpm/s spin up, followed by a wafer bake at 80°C for 4 min to cure the resist and obtain a 100-110 nm layer thickness. Significant care was taken to keep the wafer clean and free from contaminants prior to the application of the resist, as these could lead to defects in the final devices. The wafer was then manually cleaved into smaller pieces for processing.
Electron beam resist patterning was performed using a JEOL JBX-9300FA EBL system running at an acceleration voltage of 100 kV with a 5 nm spot pitch size. A piece cassette was selected to allow for multiple device runs using a single SOI wafer. In the design, the input and output waveguide line lengths were set to 3 mm to allow enough room for manual line cleaving after the devices had been fabricated. Extensive experimentation was required to determine the correct electron beam base exposure dose that would give the best feature size match without either overexposing or underexposing parts of the device pattern.
The best electron beam dose for all three device designs was found to be in the range of 2400-3000 C / cm 2 after the proximity correction adjustments had been made. After the exposure step, the device pattern was developed using a 25% solution of N-tetramethyl ammonium hydroxide ͑TMAH͒ heated at 80°C. The wafer piece was developed for 30 s, followed by a de-ionized water rinse for approximately 2 min and sample drying using N 2 gas. A visual inspection was then performed to make sure the development had been completed and that there were no residues or contaminants left on the wafer. Before etching the device, measurements of the height of resist patterns were made using a Tencor alpha-step profilometer to provide a reference point for calculating resist etch rates. The resist height patterns were identical to the original thickness of the resist layer ͑100-110 nm͒ after development, indicating that no resist material had been removed in the process.
The etching of the devices was performed using an STS standard oxide etcher using Cl 2 as the enchant gas. The chlorine gas flow was set to 20 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ and the plasma bias voltage was set to 700 V. The objective was to etch completely through the 340 nm layer of Si without undercutting into the SiO 2 layer, which would destabilize the pillar structures. The etch rate of Si using this recipe was determined to be 2.6 nm/s, while that of the HSQ was 0.55 nm/s, resulting in a selectivity of approximately 4.75: 1. The 30 nm of HSQ remaining on the surface of the device was not removed due to the negligible effect it would have on the device performance due to its low index over the frequencies of operation. After etching, the ends of both the input and output waveguides were cleaved to provide a clean edge for buttcoupling the laser light source to the wafer for device testing. The butt-couple allows for introduction of laser light into the device, allowing the near-field pattern of the cloaking structure to be examined in detail through measurements.
III. FABRICATION RESULTS AND DISCUSSION
The first cloak structure, which will be referred to as design A, was designed for a background index of 1.5. This index was chosen to test how a matched index between the underlying silicon dioxide substrate and overlying cloaking structure would affect light scattering in the device. For this design, the cloak requires the nanorod diameters to vary from 0.35a to 0.87a or from 52 to 130 nm for a unit cell size a = 150 nm. This section of the cloak will be labeled as the photonic crystal 1 ͑PC1͒ area. In design A, a small portion of the cloak structure nanorod array was replaced with larger pillar structures that have an increased lattice constant of a = 300 nm. In this subarray, which will be notated as photonic crystal 2 ͑PC2͒, all feature sizes were doubled, and therefore, the smallest gap was increased to ϳ40 nm, which is well within the range of e-beam fabrication capabilities. Figure 3 details the cloaking area for this design, showing both the PC1 and PC2 arrays.
A schematic for design A optical cloaking structure is shown in Fig. 4 . The device region consists of two combined
In the optical experiments, light is fed into the silicon input waveguide so that it would propagate through the nanorod array, reflect off the curved reflecting surface, and propagate on toward the output region. The size of the output Si waveguide was reduced in follow-on designs to reduce the fabrication expense of the device. The 32 ϫ 12 m 2 cloaking region contains the main array of 150 nm spaced pillars with diameters ranging from 90.75 to 52.18 nm, and the secondary array of 300 nm spaced pillars with larger diameters in the range from 184.05 to 256.18 nm. The modified spacing of the center pillars in the secondary region increased the minimum gap between adjacent structures to around 40 nm, which reduced the spacing requirements and, therefore, the difficulties in producing the rods accurately during fabrication.
The pillar diameters were arranged such that the average refractive index creates the quasiconformal dielectric index mapping required for the device to exhibit cloaking behavior. The uniform background nanorod array was a square lattice turned 45°to the ⌫ − M direction to provide a well-matched interface to the cloak structure, so as to minimize the scattering at the interface. The input waveguide width is standard for the wavelength of operation, while the output waveguide was widened to allow some room to observe the direction of the output light, in case the reflected beam was not at the predicted angular deviation.
For design A, the standard default forward scattering and back scattering correction for Si devices was used as a starting point. The ␣ parameter describes the forward ͑short range͒ scattering range of the electrons and is important when the aspect ratio of the device features is small. The ␤ parameter describes the backward ͑long range͒ scattering of the electrons, which describes the distance the electrons travel into the substrate material. Both the ␣ and ␤ parameters are set to values that are dependent upon the substrate and photoresist material used. The parameter describes the ratio of the ␤ Gaussian against the ␣ Gaussian based on their stored energies and determines the ratio of forward to backward scattering. The reduced spacing requirements in the large pillar subarray was expected to allow the smaller side nanorods to be reproduced with the correct dimensions using the default proximity correction parameters for a Si substrate. These parameters were originally determined from Monte Carlo simulations and extensive experimental runs of Si devices through characterization work conducted over many batches of different structures. The values that were used were ␣ = 0.05, ␤ = 33.3, and = 0.61.
Scanning electron microscope ͑SEM͒ images were taken of the fabricated device A structure to check their quality and final dimensions. For design A, Fig. 5 shows the overall fabricated device, Fig. 6 shows a close up of the cloaking area, and Fig. 7 is a high magnification image of the largest nanorods in the cloaking area. The nanorod diameter matched the original design within Ϯ5% experimental tolerances once the best dose value was obtained. While the pillars were nearly perfectly vertical, some nonuniformity in top and bottom diameters was observed in the sidewalls of the nanorods, especially those near the device edges, where the bottom diameter was somewhat larger than the top. Close-up images of these nonuniformities are shown in Fig. 8 for a larger nanorod ͑about an 8% difference͒ and Fig. 9 for a smaller nanorod ͑a larger 24% difference͒. This effect could be attributed to nonuniformities in the photoresist mask covering the nanorods, which caused sloping sidewalls due to the edges of the mask being thinner, and therefore, more susceptible to removal during the etch process. Overall, the standard parameters for the proximity correction of the device during EBL exposure worked well for this structure fabrication.
The second cloak structure, named design B, is similar to design A but reduced in size. In an effort to reduce the scattering losses in the device, design B cloak reduced the number of pillars, and therefore, the number of scattering sources for the incoming light beam. The smaller cloak consists of a 143ϫ 53 nanorod array that reduces the device size to a 26.4ϫ 26.4 m 2 area. The cloaking area size was also reduced to 21.45ϫ 7.95 m 2 , with an identical design A pillar spacing of a = 300 nm. The layout of design B is identical to design A except for the reduction in cloak and background nanorod array areas. A block diagram for design B is shown in Fig. 10 . Using the same proximity correction and fabrication parameters as design A, these cloaks had similar nonuniformities to the design A devices due to the identical etch parameters being used. Figure 11 shows the smaller cloaking area in device B postmeasurement, with the damage in the outer pillars having been caused during the measurement characterization work.
For the third design, called design C, the background index was changed to implement 1.55 and 1.6 index structures to see if changing the effective index would also reduce scattering, thereby improving the device performance. This in- dex match change required slight adjustments in the pillar sizes throughout the device. In this design, the lattice constant was kept at a = 150 nm for the cloaking section, recreating the original design for a smaller 20 nm pillar gap. The change in background index also resulted in slightly smaller nanorod diameters ranging from 0.35a to 0.84a or from 52 to 125 nm. In addition, a simple square lattice photonic bandgap ͑PBG͒ structure was added in design C to help minimize light leakage at the back of the cloaking area. The cloak is designed to mimic a flat reflecting surface, and therefore, the curved interface should be perfectly reflecting. In designs A and B, we relied on the natural reflection at the interface between the nanorod array and air. The imperfect reflection, however, compromises the cloak performance. In order to increase the reflectivity along the curved interface, we placed a PBG structure behind the curved interface in design C. The PBG structure is composed of a square array of silicon nanorods with a diameter of 312 nm and a periodicity of 520 nm. This structure exhibits a PBG for TM polarization around the wavelength of 1500 nm, where the measurements were done. The PBG structure consisted of a 62ϫ 10 array of 520 nm spaced nanorods, each having a diameter of 312 nm. The PBG present in the band structure of a square lattice photonic crystal is detailed in another work. 11 A block diagram for design C is shown in Fig. 12 .
The proximity correction required for the fabrication for design C proved more challenging to adjust due to smaller gaps between nanorods as compared with design A. Initially, only the default forward scattering correction parameters were used as in design A to fabricate the device. In this case, the central cloaking area nanorods are slightly overexposed, resulting in oversized structures, leading to rod bridging in the central cloak area, while the side area nanorods were underexposed, leading to missing and defective rod structures. This result is shown in Fig. 13 .
In order to correct for the electron beam proximity effects in design C, both forward and back scattering corrections were required ͑adjustments to the ␣ and ␤ values͒ as well as a process blur adjustment. Both the ␣ and ␤ parameters were adjusted to 0.08 and 38.9, respectively, to compensate for the smaller feature sizes and gaps between nanorods. The process blur parameter ␥1 describes the midrange scattering range of the electrons and was used to compensate for process related effects. The 1 parameter describes the ratio of the midrange Gaussian against the ␣ Gaussian based on their stored energy. This correction required the process blur parameter ␥1 to be set to 60 nm and, given a weight 1 of 0.20 or 20%, to compensate for the additional scattering correction. Figure 14 shows the results of adding this additional proximity correction. Some bridging is evident in the largest pillar structures, where the gap was designed to be 20 nm, but this was found to be unavoidable due to the higher dose required to correctly expose the smaller cloak edge pillars. This bridging was expected to shift the operating frequency of the device slightly in the measurements.
IV. MEASUREMENT RESULTS AND DISCUSSION
For optical characterizations, three fiber-coupled lasers tunable between 1400 and 1602 nm were used as light source. A polarization control paddle was used to set the correct polarization of the laser, and the light output from the fiber was butt-coupled into the silicon input waveguide. The light that comes out of the fiber within the critical angle was captured by the input waveguide and fed into the nanorod array. The light propagation through the nanorod structure was then directly visualized by the near-field scanning optical microscopy ͑NSOM͒. Figure 15 shows a NSOM image for a device A cloaking structure at a wavelength of 1500 nm. A well-defined input beam was observed propagating vertically from the bottom of the figure into the cloaking structure, producing a spot of intense scattering visible at the reflecting interface. The out-of-plane scattering at the reflecting interface significantly reduces the reflected beam intensity, but is unavoidable in a two-dimensional ͑2D͒ implementation, in which the guiding condition is compromised due to the abrupt interface. Despite losses at the reflecting interface, a clearly defined reflected beam was observed at a reflection angle of 45°with respect to the reflecting interface. The reflected light beam does not reach the output waveguide, however, due to the propagation loss within the nanorod array as well as the scattering losses at the reflecting interface.
A similar behavior was observed at an operating wavelength of 1460 nm in the device B cloak, as shown in Fig.  16 . The off-tuning of this device could be attributed to the nonuniform pillar profiles as well as a slight change in index due to pillars being off in exact design dimensions within experimental tolerances. This operating wavelength shift could also be attributed to the index matching of the design, which is close to the index of the SiO 2 underneath the Si guiding layer. The reduction in scattering due to the reduction in the background nanorod array area improved the strength of the reflected beam at the same measurement wavelength as compared to design A. The output beam strength was again subjected to propagation and scattering losses, but in this case, they have been reduced significantly. Figure 17 shows the results of a NSOM measurement on a device C large cloak sample taken at a wavelength of 1420 nm, showing a clearly defined output beam reflecting from the cloaking surface. The reduction in the spacing in the pillars in the cloaking area reduced the reflection from incoming light significantly, resulting in a more uniform output beam. The shift in operating wavelength may be due to the unavoidable bridging of some of the larger pillars that leads to a large index change than expected in that area. However, the strength and clarity of the output beam are much improved over designs A and B. The change in index match of the structure may have also helped improve the output, although it is hard to determine the exact effect based on the evidence from the experimental measurements.
All three cloak design structures are created from nonresonant dielectric elements and are expected to operate well over a broad range of frequencies. Due to the high scattering of the output beam, far-field effects, such as the coupling of the light into the output waveguide, were not observed. The performance of the devices could be improved through further reduction in the background PC size as well as correcting for bridging pillars and nonuniform pillar etching, which increases the index average of the cloak in the large pillar areas, shifting the operating wavelength of the device. The change in background index of the cloak did not appear to have a noticeable effect on the device performance, although further investigation is required for a complete conclusion.
V. CONCLUSIONS
In conclusion, successful fabrication and characterization of an optical cloaking photonic crystal structure consisting of nanorods has been demonstrated using an in-house developed cleanroom process. Several fabrication parameters were key in fabricating the nanosize device features correctly. The selection of the best high-contrast resist exposure and development process for the electron beam lithography step was critical in patterning the nanorod structures successfully. The adjustment of proximity correction parameters through multiple exposure runs was also key in replicating the difficult to fabricate nanorod structures, especially with each rod having a different size in this particular cloak design. Careful consideration of both forward ͑␣͒ and backward ͑␤͒ scattering processes based on the feature size and spacing has to be taken when determining the optimum proximity correction parameters. In addition, further refinements to the midrange scattering processes using ␥1 and 1 are necessary to compensate for additional features sizes and process dependent corrections. The choice of the plasma etch recipe is also critical in order to reduce scattering in the final device performance. Allowing for the creation of near-vertical rod sidewalls while maintaining a high selectivity ratio with the respect to the resist is important to successful cloaking behavior in the device.
Some refinements could be made to this set of processes to improve the device fabrication quality. Optimization of the plasma etch recipe to obtain more vertical sidewalls is one area for improvement, as the nanorods in the current process show some sidewall irregularities. Further adjustments to the proximity correction dose pattern and scattering correction may allow for improvement in the problem between overdevelopment and underdevelopment of the various sized nanorods in the cloak arrays. For example, reducing the dose in the area of the largest nanorods by manually changing the proximity correction dose pattern may allow the bridging in this area to be eliminated.
This two-dimensional nanorod cloak design represents a first step in an exciting and innovative field of study that will have a significant impact on the field of transformation optics. While three-dimensional carpet cloak has recently been demonstrated, 12 2D waveguide based transformation optical devices will continue to remain an important class of devices. As has been demonstrated in the carpet cloak, several slightly different fabrication approaches have been employed. The e-beam lithography based approach presented in this article provides precision control over the nanoscale geometries while at the same time capable of fabricating large area devices. We therefore believe it is one of the most efficient ways for manufacturing this new and exciting class of devices. Further work will explore adding passive and active tunability properties to the device by the use of optical and electro-optical coatings and materials. 
